The formation of relativistic jets by an accreting compact object is one of the fundamental mysteries of astrophysics. Although the theory is poorly understood, observations of relativistic jets from systems known as microquasars (compact binary stars) 1,2 have led to a well established phenomenology 3,4 . Relativistic jets are not expected to be produced by sources with soft or supersoft X-ray spectra, although two such systems are known to produce relatively low-velocity bipolar outflows 5,6 . Here we report the optical spectra of an ultraluminous supersoft X-ray source (ULS 7,8 ) in the nearby galaxy M81 (M81 ULS-1; refs 9, 10). SS 433 (refs 11, 12) . Such relativistic jets are not expected to be launched from white dwarfs 13 , and an origin from a black hole or a neutron star is hard to reconcile with the persistence of M81 ULS-1's soft X-rays 10 . Thus the unexpected presence of relativistic jets in a ULS challenges canonical theories of jet formation 3,4 , but might be explained by a long-speculated, supercritically accreting black hole with optically thick outflows 14-20 .
Initial spectroscopic observations 21 of M81 ULS-1, made at the W. M. Keck Observatory in 2010, found broad Balmer hydrogen emission lines (as wide as 400 km s −1 ) on top of a power-law-like blue continuum. A very broad emission line (as wide as 30 Å, corresponding to 2,000 km s −1 ) was detected at around 5,532 Å and 5,543 Å in both observations, but was not identified with any known spectral lines. We followed up with new spectra obtained at the Gran Telescopio Canarias in 2015, which again showed the Balmer emission lines and the blue continuum; however, the previously unidentified broad emission line was now at a notably changed wavelength of 5,648 Å ( Fig. 1 ). This change in observer-frame wavelength immediately suggests that the previously unidentified emission line is a blueshifted Hα emission line emitted by an approaching baryonic relativistic jet, at projected velocities of 17% of the speed of light (−0.17c). Subsequent spectra reveal ongoing changes in the projected velocity of the blueshifted jet, for which we suggest that the best explanation is jet precession, as observed in the prototype microquasar SS 433.
SS 433 has exhibited time-variable blueshifted and redshifted optical emission lines from its precessing jets, the long-term monitoring of which has revealed 11, 12 a precession period of 164 days, and an intrinsic jet velocity of 0.26c. M81 ULS-1 is only the second microquasar 1 Key Laboratory of Optical Astronomy, National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, Beijing 100012, China. 2 
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Keck Observatory and the Gran Telescopio Canarias (GTC) for the optical counterpart of M81 ULS-1. a, The Keck/LRIS (Low Resolution
Imaging Spectrometer) spectrum taken on 13 April 2010 (blue channel; shown in black) and the GTC/OSIRIS (Optical System for Imaging and Low/Intermediate-Resolution Integrated Spectroscopy) spectrum taken on 8 April 2015 (shown in blue) for M81 ULS-1. Labelled are the broad Balmer lines (Hα and Hβ), and the very broad blueshifted Hα − lines at 5,530 Å (Keck/LRIS) and 5,648 Å (GTC/OSIRIS). The power-law-like continuum and the broad Balmer lines are characteristic of an accretion disk around a compact object, confirming the physical association between the X-ray source and its optical counterpart. b, The blueshifted Hα − emission lines from six Keck and GTC observations, with time-variable, observer-frame central wavelengths. The intensities also change with time in proportion to the intensities of the stationary Hα emission line from the accretion disk, suggesting a link between the accretion and the jet. See Methods for details. Both the spectra and the fits are normalized by the underlying continuum, and are shifted vertically for clarity. to be identified through measuring directly the blueshifting of Hα lines emitted by its baryonic jets. Other known microquasars 1,2 have mostly been identified through direct imaging of their radio jets, or by interpreting strong non-thermal radio emission as arising from their relativistic jets with velocities above 0.1c. M81 ULS-1 has not previously been detected by radio surveys, but this is not surprising given the great distance to the galaxy M81. Were SS 433 placed in M81, its radio flux at Earth would be about 1 μ Jy-below the detection sensitivity of current radio facilities, but achievable in the future with the Square Kilometer Array 22 .
From its X-ray properties 10 , M81 ULS-1 seems to be a truly unique jet source, different to all other known microquasars 1,2 . Since the launch of the Chandra X-Ray Observatory, all observations of M81 have detected ULS-1, which exhibits high-flux and low-flux states with count rates ranging from 1 to 70 photons per kilosecond. When in high-flux states, M81 ULS-1 clearly exhibits supersoft spectra with blackbody temperatures of 65-100 eV and bolometric luminosities greater than 10 39 erg s −1 . Somewhat surprisingly, the low-flux state of M81 ULS-1 appears to be as supersoft as the high-flux state, with more than 95% of the photons having energies below 1 keV ( Fig. 2) . In contrast, all other known microquasars 1,2 are low-mass or high-mass X-ray binaries, each shown or thought to contain a neutron star or black hole, emitting abundant hard photons with energies above 1 keV. Observations by the Chandra X-Ray Observatory show that only a few per cent to 35 per cent of the photons from these microquasars have energies below 1 keV ( Fig. 2 ).
Luminous supersoft sources 23 have supersoft X-ray spectra, and those with luminosities below the Eddington limit for a solar-mass object are conventionally interpreted as white dwarfs accreting at a rate of about 10 −7 M  yr −1 to 10 −6 M  yr −1 (where M  is the mass of the Sun), where hydrogen fusion within the accreted material proceeds steadily 24, 25 . But for M81 ULS-1, the presence of relativistic jets suggests otherwise: such jets are simply not expected for typical white dwarfs 13 . Indeed, although bipolar outflows with low velocities of a few thousand kilometres per second are possible and have been observed in supersoft sources such as RX J0513.9-6951 (ref. 5) and RX J0019.8+ 2156 (ref. 6) , no relativistic jets have ever, to our knowledge, been observed from supersoft sources other than M81 ULS-1. These considerations suggest that the accreting object in M81 ULS-1 is not a white dwarf, adding strong evidence to the idea 26, 27 that supersoft sources, especially the ultraluminous ones, do not necessarily contain accreting white dwarfs.
If, instead, the central engine of M81 ULS-1 is a neutron star or a black hole-as is the case for all other known microquasarsestablished phenomenology 3, 4 would predict steady jets to be generated when X-ray emissions are in the low-hard state, with episodic jets generated when emissions are in the very high state, or during the transitions between soft and hard states. In the case of M81 ULS-1, the blueshifted Hα emission lines emitted from the relativistic jets were present in all six optical spectroscopic observations in 2010 and 2015. Standard presumptions would therefore be that M81 ULS-1 is in the low-hard or very high states for a substantial fraction of the time, during which abundant hard photons (with energies above 1 keV) would be expected, as for other microquasars (Fig. 2 ). However, X-ray emissions from ULS-1 have been supersoft in all 19 Chandra observations, regardless of whether ULS-1 is displaying a low-flux or a high-flux state-suggesting that its relativistic jets are not generated in the canonical ways. In fact, the persistently supersoft appearance of ULS-1 would not be expected in any spectral states in the standard accretion scenarios 28, 29 for neutron-star or black-hole X-ray binaries, which are known to be accreting below the critical (that is, Eddington) rate.
This unusual combination of relativistic jets and persistently supersoft X-ray spectra is completely unexpected, posing a challenge to the conventional understanding of jet formation 3, 4 . One possible identity for M81 ULS-1 is a long-speculated 14, 15 , supercritically accreting black hole with optically thick outflows. Recent magnetohydro dynamic simulations of such systems, although still under development and the subject of heated debate 16, 17 , can generate super-Eddington luminosities, and necessarily 30 generate disk winds and funnels along the rotation axis, from which radiation pressure will drive baryon-loaded relativistic jets with velocities of up to 0.3c, regardless of the black-hole spin 17 . Observations of M81 ULS-1 qualitatively match the predictions of high luminosities and baryon-loaded relativistic jets, and its supersoft X-ray spectra might be expected from optically thick outflows under suitable conditions of outflow geometry, wind velocities and outflow mass rates [18] [19] [20] . Thus, ULS-1 might be a manifestation of recent predictions of supercritical accretion onto black holes, and so reveal the nature of extreme accretion in extreme conditions. Shown are the energies in the low-flux and high-flux X-ray states. For comparison, we have also plotted the photon energies from two typical ultraluminous X-ray sources (ULXs) in nearby galaxies, and six Galactic microquasars observed with the Advanced CCD Imaging Spectrometer (ACIS) aboard the Chandra X-Ray Observatory. Most photons concentrate at energies where the cumulative distribution rises fastest. For M81 ULS-1, more than 95% of the photons have energies below 1 keV in both the low-flux state (black dashed line) and the high-flux state (black solid line). For both of the ULXs, fewer than 15% of the photons have energies below 1 keV. For the Galactic microquasars, only a few per cent to less than 35 per cent of the photons have energies below 1 keV. Because the response matrix is not well calibrated below 0.3 keV for Chandra/ACIS, only photons with energies greater than 0.3 keV are shown here.
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MethOdS GTC/OSIRIS and Keck/LRIS data reduction. Initial optical spectroscopic observations of M81 ULS-1 were carried out with Keck/LRIS on 13 April and 17 April 2010, revealing broad Balmer emission lines as if from an accretion disk 21 . The blueshifted Hα emission line (Hα − ) is shown at 5,530 Å in the spectra, with a shift in the line centre of 10 Å ± 2 Å between those two observations (that is, two epochs separated by four nights).
M81 ULS-1 was later observed using GTC/OSIRIS on 8 April, 7 May and 8 May 2015, masked with the 0.6″ slit followed by the R1000R grating, which yields a resolution of about 7 Å. The spectra were reduced in a standard way with IRAF (Image Reduction and Analysis Facility) software (http://iraf.noao.edu). After bias subtraction and flat correction, dispersion correction was carried out on the basis of the line lists given in the OSIRIS manual (http://www.gtc.iac.es/instruments/ osiris/). Raw spectra were then extracted with an aperture size of 1″, and a standard star taken at each night was used to make the flux calibration.
On 22 April 2015, another observation of M81 ULS-1 was carried out using Keck/LRIS with the 1.0″ slit. The light was split with a beam dichroic of 6,800 Å to the blue and red sides, followed by using the 300/5,000 and 400/8,500 gratings, which yields a resolution of ~8 Å. The spectrum was reduced with the IDL (Interactive Data Language) pipeline designed for the W. M. Keck Observatory.
Extended Data Table 1 lists the basic information obtained from the 2010 and 2015 observations. Both Hα and Hα − emission lines are detected in all the spectra, and their line properties are calculated from Gaussian line profile fitting. Extended Data Table 2 
Properties of the emission lines.
In the case of SS 433, the equivalent widths of Hα emission lines are tightly correlated with the phases of the precession, and those of the Hα − emission follow a similar trend but with a phase delay 31 . We use the power of the emission lines, calculated from the area of the Gaussian fitting, as representative of the emission intensity, because the observed continuum from M81 ULS-1 varies markedly between observations. Extended Data Fig. 1 shows that the power of the Hα emission lines from the accretion disk is positively correlated with that of the Hα − emission lines, suggesting a link between the accretion and the jet. The variations in the power of the emission lines are asymmetrical, with smooth rises and steeper declines around 7 May 2015 (Extended Data Fig. 2 )-similar to the variations seen in the SS 433 emission lines 31 .
The rate at which the projected Hα − velocity changes seems to be slower during 2015 than it was during 2010. The rate of change in 2015 was roughly 0.8 Å per day, whereas it was 2.6 Å per day in 2010; if the velocity shift is due to precession, this difference may be explained naturally, because the 2015 observations are sampling a different part of the precession cycle. We can estimate a minimum likely precession period by assuming that the turning point of the precession cycle occurred at around the time of the observations of 7 and 8 May 2015 (see Extended Data  Figs 2, 3 ). If so, then, after the wavelength of the emission lines reached the maximum on 8 May (Extended Data Fig. 2) , the Hα − emission probably turned back to the short wavelength with the rate of roughly 0.8 Å per day, indicating that the half-precession period must be longer than 30 days.
There is a 115-Å gap between the observations of 13 April 2010 and 8 April 2015 (Extended Data Fig. 3) , and if we assume that the maximum rate at which the wavelength decreases is 2.6 Å per day, then the Hα − line needs 44 days to move by the required amount. Therefore, the half-precession period is probably longer than 74 days, and lower limit of the precession period is about 148 days. More time-resolved spectra are needed in order to derive an accurate period and to characterize further the apparent precession of the jets. Searching for the redshifted Hα emission lines. Given the existence of blueshifted Hα − emission lines from the approaching jets, redshifted Hα emission lines (Hα + ) would be expected from receding jets, albeit with much lower intensities (because of Doppler boosting effects). Assuming symmetrical and steady jets, the boosting factors (D) for the lines emitted from the approaching and the receding jets are given by = > Table 3 .
We have searched for the redshifted Hα − emission lines in all observations. A weak emission line feature was detected at ~3σ at around 7,524 Å (Fig. 1 . Assuming the extreme case, θ = 0º, then we have β = 0.1491. If the receding jet has the same velocity, then the expected central wavelength of Hα + should be 7,626.4 Å, which is about 104 Å larger than the detected line. If we assume that θ = 10°/20°/30°, then β = 0.152/0.160/0.177, and the expected central wavelength of Hα + is 7,632 Å/7,650 Å/7,688 Å, which is about 108 Å/126 Å/164 Å larger than the detected line. The discrepancy becomes larger for larger inclination angles. This casts doubt on the identification of the 7,524-Å line feature as Hα + , unless the jets are asymmetrical or fast-changing. We may have not detected the redshifted Hα + , but the non-detection is not surprising given the Doppler boosting effects, and other realistic explanations. For example, the receding jets may be blocked by the optically thick outflows if this system is a supercritically accreting black-hole system, as described in the text. No candidate Hα + emission lines were detected at all in the 7 and 8 May GTC observations, or in the Keck spectrum. Even if the 8 April line were a true Hα + emission line, this non-detection would not be surprising, given the lower equivalent widths of Hα − on 7 and 8 May, and the relatively lower sensitivity in the red channel of LRIS. Analysis of Chandra data. There have been 19 Chandra/ACIS observations of the nuclear region of M81, where ULS-1 resides. All of these observations were derived from the Chandra archive and analysed uniformly with CIAO 4.7 software tools (http://cxc.harvard.edu/ciao/). Point sources were detected with WAVDETECT on the individual Chandra images. As listed in Extended Data Table 4 , the photon counts were extracted from the source ellipses enclosing 95% of the total photons as reported by WAVDETECT, which was run with scales of 1″, 2″, 4″ and 8″ in the 0.3 to 8.0 keV band.
The spectra in the high-flux states (>10 counts per kilosecond) were fitted by absorbed blackbody models, with the spectral parameters presented in Extended Data Table 4 , all of which show that M81 ULS-1 has been persistently supersoft in these observations. In addition, the spectra in the high-flux and low-flux states were added together into combined high-and low-state spectra, and were also fitted in the band 0.3-8.0 keV. Using the fitted absorbed blackbody model, we calculated the 0.3-8.0 keV flux, the 0.3-8.0 keV luminosity and the bolometric luminosity with the distance of 3.63 megaparsecs for M81 (ref. 32) .
As plotted in Extended Data Fig. 4 , M81 ULS-1 displays a soft excess below 0.3 keV as compared to the best-fit model for 0.3-8.0 keV. However, considering that the response matrix for Chandra observations is not well calibrated below 0.3 keV, we refrain from interpreting this soft excess. Nonetheless, it is clear that M81 ULS-1 has very different spectral properties from the other known microquasars. Moreover, these uncertainties in calibration below 0.3 keV might merely make the intrinsic spectral differences between M81 ULS-1 and the other known microquasars even larger (that is, the energy distribution from M81 ULS-1 might be even softer than observed). Code availability. The optical spectra were reduced with IRAF, available at http:// iraf.noao.edu/. All of the emission lines in Extended Data Table 2 were fitted with the curve-fitting toolbox based on Matlab (http://www.mathworks.com/help/ curvefit/index.html). The Chandra archive data were analysed with CIAO 4.7, which can be downloaded from http://cxc.harvard.edu/ciao/download/.
